Alternative oxidase activity (cyanide-insensitive respiration) was measured in mitochondria from the shoots, roots, and nodules of soybean (Glycine max L.) and siratro (Macroptiiium atropurpureum) plants. Activity was highest in the shoots and lowest in the nodules. Alternative oxidase activity was associated with one (roots) or two (shoots) proteins between 30 and 35 kilodaltons that were detected by western blotting with a monoclonal antibody against Sauromatum guttatum alternative oxidase. No such protein was detected in nodule mitochondria. Measurements of oxygen uptake by isolated soybean root and nodule cells in the presence of cyanide and salicylhydroxamic acid indicated that alternative oxidase activity was confined to the uninfected cortex cells of the nodule. Immunoprecipitation of translation products of mRNA isolated from soybean shoots revealed a major band at 43 kilodaltons that is assumed to be the precursor of an altemative oxidase protein. This band was not seen when mRNA from nodules was treated in the same fashion. The results indicate that tissue-specific expression of the alternative oxidase occurs in soybean and siratro.
The resistance of plant respiration to cyanide has been observed since the turn of the century. This resistance is now known to involve a bypass of the last two complexes of the conventional electron transport chain, with electrons traveling from reduced ubiquinone to oxygen through an enzyme known as the alternative oxidase (1 1, 21, 30 (21, 23) . Elthon oxidase activity. Three protein bands between 35 and 37 kD were thus identified, and antibodies against them were produced (13) . These were used to show that salicylic acid can induce the alternative oxidase during floral development in Sauromatum (14) .
The antibodies raised against S. guttatum alternative oxidase cross-react with proteins of mitochondria isolated from other cyanide-resistant tissues (14, 20) and have been used in studies of alternative oxidase expression in potato tubers (16) and soybean (25) . Aging ofpotato tuber tissue induces expression of a single 36-kD mitochondrial polypeptide, whereas in soybean mitochondria, either one or two protein bands react with the antibody, depending on the age of the tissue. In Neurospora, alternative oxidase proteins are only synthesized when chloramphenicol is used to inhibit mitochondrial protein synthesis, indicating a nuclear origin for the enzyme (20) . More recently, a cDNA clone encoding the alternative oxidase was isolated from S. guttattum and sequenced (29) .
Despite these studies, the role and regulation of the alternative oxidase in nonthermogenic plant tissues remain poorly understood. We reported previously (9) that mitochondria from soybean nodules lack alternative oxidase activity, in contrast to their root and cotyledon counterparts, and soybean, therefore, offers a useful system for the study of alternative oxidase expression. Here, we have used the Sauromatum antibodies in such a study and show that alternative oxidase proteins between 32 and 35 kD are expressed to different extents in shoots and roots of both soybean and siratro. Immunoprecipitation of mRNA translation products indicate that the oxidase is made as a 43-kD precursor. In nodules, the oxidase is not synthesized in the infected cells but is in the cortex. Possible regulatory mechanisms are discussed.
MATERIALS AND METHODS

Reagents
Percoll and low mol wt standards for SDS-PAGE were purchased from Pharmacia Biochemicals Inc. (Uppsala, Sweden). Other (19) using a 5% polyacrylamide stacking gel and a 12% polyacrylamide resolving gel (3, 8) .
Immunological Probing
Antibodies against alternative oxidase proteins of Sauromatum guttatum were raised in mice as described by Elthon et al. (15) . Polyclonal antibodies against isolated complex I from red beet (31) were raised in rabbits. A modified version of the method of Towbin et al. (32) was used for western blotting. Bands were visualized using alkaline phosphatase and nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate.
RNA Isolation and Translation
Total RNA was isolated according to the method of Kirby (17) using phenol extraction of fresh plant material frozen in liquid nitrogen immediately after harvesting and ground in a coffee grinder to a fine dust. Poly(A+) RNA2 was isolated according to the method of Aviv and Leder (2) using oligo(dT)-cellulose chromatography. The resulting RNA was translated in a rabbit reticulocyte lysate in the presence of [35S]methionine (26) . Immunoprecipitations were carried out according to the procedure ofAnderson and Blobel (1). Translation products were boiled in Laemmli sample buffer to dissociate them and then diluted 10-fold in 1% Triton X-100, 100 mm NaCl, 10 mm Tris (pH 7.0), 0.1 mM PMSF. Prewashed protein-A Sepharose was added to the mixture, which was incubated for 1 h and centifuged to pellet the Sepharose. Antibodies were added to the translation mixture, which was incubated for 2 h at 4C. In the case of monoclonal antibodies to the alternative oxidase, a second antibody, namely, rabbit anti-mouse IgG was added before sequestering with protein-A Sepharose. In the case of complex I antibodies raised in rabbit, sequestration was carried out directly with protein-A Sepharose. After washing, the protein-A antibody complex was dissociated by boiling in gel sample buffer and analyzed by SDS-PAGE and fluorography.
RESULTS
Altemative Oxidase in Isolated Mitochondria
Mitochondria were isolated from different organs of soybean and siratro plants, and alternative oxidase activity was measured as KCN-insensitive 02 uptake (Table I) . Although some variation was seen in different preparations, generally, alternative oxidase activity in soybean cotyleon, leaf, and root mitochondria was 40 to 60% of state 3 succinate oxidation. Mitochondria from shoots and roots of siratro seedlings also displayed substantial alternative oxidase activity (Table I) . However, mitochondria from the nodules ofboth species were almost completely inhibited by KCN (Table I) .
Mitochondrial proteins from the different tissues were separated by SDS-PAGE and probed by western blotting with a monoclonal antibody against the S. guttatum alternative oxidase protein (13) . Initial experiments showed that this antibody recognized three proteins of 35 to 37 kD in S. guttatum spadix mitochondria, as reported previously (13) . In soybean and siratro, on the other hand, only one or two proteins were recognized ( Figs. 1 and 2 ). In soybean, two bands at 35 and 33 kD were seen in the cotyledon and leaf mitochondria (Fig.  1B, lanes a-c) . In root mitochondria, only one band at 35 kD was observed (Fig. 1B, lane e) . Likewise, in siratro shoot mitochondria, the antibody reacted with two proteins ( chondria from both species, no band was observed (Fig. 1B,  lane d; Fig. 2B , lane a). Differences were also observed in the Coomassie bluestained protein patterns of the different mitochondria (Figs.  IA and 2A) . In soybean, the polypeptide profiles of cotyledon and leaf mitochondria were very similar, but differences were obvious between these and the root and nodule mitochondria (Fig. IA) . Likewise, in siratro, polypeptide patterns of roots, nodules, and shoots were obviously different from one another ( Fig. 2A) . The purity of the different soybean preparations is well established (3, 7, 9) , and the differences shown in Figures 1 and 2 , therefore, reflect real differences in the protein complement of mitochondria from the different tissues.
Altemative Oxidase Activity in Nodule Cells
Infected cells in the center of mature soybean nodules were separated from the uninfected cells ofthe cortex enzymatically (18) . The isolated infected cells were easily discernible by their large size, pink color, and irregular shape (18) and were <10% contaminated by uninfected cells (judged by microscopy). The cortical rings that remained were also essentially free from cells of the infected zone. Uninfected, interstitial cells from the infected zone were lost during this preparation.
Oxygen uptake by the two cell types was measured (Table  II) . The respiration ofinfected cells using both added substrate (experiment 1) and endogenous reserves (experiment 2) was almost entirely cyanide sensitive, and the residual respiration in each case was SHAM resistant. This indicates that these cells contain no measurable alternative oxidase activity. In contrast, the respiration of cortex cells showed considerable cyanide resistance (>50% of the uninhibited rate) in both experiments, almost identical with other soybean tissues. This cyanide-resistant respiration was almost all SHAM sensitive, suggesting that it was alternative oxidase activity. This part of the study also supports previous suggestions (27) that, when mitochondria are isolated from the nodules of soybean, cells of the infected zone constitute the primary source of these mitochondria because the isolated mitochondria show little alternative oxidase activity (Table I) .
Synthesis of Alternative Oxidase
In an attempt to identify the level of control of alternative oxidase expression (i.e. transcriptional or posttranscriptional), immunoprecipitations were carried out on products formed by in vitro translation of mRNA from green cotyledon and nodule tissues. To test whether the alternative oxidase antibody would recognize the cytoplasmic precursor of the alternative oxidase, immunoprecipitations were first carried out with mRNA isolated from green cotyledon tissue (Fig. 3) . A major protein with an apparent molecular mass of 43 kD was precipitated by the alternative oxidase antibodies (Fig. 3, lane  3) . Some additional minor bands were also evident that probably represent aggregated proteins and incomplete translation products due to premature termination of translation. Immunoprecipitation with protein-A Sepharose and rabbit anti-mouse IgG gave rise to no immunoprecipitated products (Fig. 3, lane 1) . In addition, immunoprecipitation with a monoclonal antibody raised against a nonplant antigen also gave a negative result (Fig. 3, lane 2) . These results indicate that the products seen with the alternative oxidase antibody (Fig. 3, lane 3) were due to a specific interaction between that antibody and the translated proteins.
When a similar experiment was carried out with mRNA isolated from nodule tissue, no products were evident (Fig. 4 , left, lane 2), suggesting an absence of translatable mRNA for the alternative oxidase in nodule tissue; in the control with cotyledon tissue (Fig. 4 left, lane 1) , a band at 43 kD and several lower molecular mass bands (presumably incomplete translation products) were seen again (the band at the top of the gel was due to aggregated protein that did not enter the resolving gel). If the immunoprecipitated products from nod- ule tissue were exposed for several weeks, a weak signal could be detected (data not shown). This signal was presumably due to the presence of some mRNA for alternative oxidase in the cortex cells of the nodule because the cortex showed alternative oxidase activity (Table II) . To ensure that the faint signal seen with the nodule tissue was not a result of the isolation of ineffective mRNA or due to a general lack of mitochondrial message in nodule cells, antibodies to complex I of the respiratory chain were used in immunoprecipitations with mRNA isolated from both cotyledon and nodule tissues (Fig. 4, right) . In both cases, several proteins were precipitated, showing that the nodules contained substantial quantities of complex I mRNA. We, therefore, conclude that the weak signal seen with alternative oxidase immunoprecipitation in nodules was due to a specific lack of translatable alternative oxidase mRNA in that tissue.
DISCUSSION
Previous results with soybean have shown that mitochondria isolated from nodules possess very little alternative oxidase activity, whereas their root and shoot counterparts display high rates. The present study confirms those observations and extends them to the siratro-Bradyrhizobium symbiosis.
The possible implications of this for nitrogen fixation have been discussed previously (4, 6) .
In both plants, alternative oxidase activity in the shoots and (27) . (It should also be noted that infected cells are more numerous than uninfected cells in a mature soybean nodule.) These results point to oxygen as a possible regulatory factor in alternative oxidase expression. An oxygen diffusion barrier has been shown to reside in a layer or two of cells in the inner nodule cortex, restricting 02 supply to the nitrogenase-containing infected cells (33) . Oxygen concentrations in the central zone fall well below the Km of the alternative oxidase (5) , and, therefore, it makes sense that expression of this protein, abundant elsewhere in the plant, is curtailed in the infected cells. Lack of the nonphosphorylating alternative oxidase also fits well with the high energy demand of the infected cells. The involvement of 02 in the regulation of alternative oxidase expression in potato tubers has also been suggested, on the basis of an increase in protein levels upon slicing the tissue (16) .
It is interesting to note that whereas alternative oxidase levels are low in nodule mitochondria, cytochrome oxidase activity is higher, compared with that in other soybean tissues (9, 28) , suggesting that expression of the two enzymes can be differentially regulated. This has also been shown in Sauromatum spadices, where cytochrome oxidase synthesis is reduced and alternative oxidase activity increases during thermogenesis (14) .
More subtle variations in alternative oxidase expression were also observed in soybean and siratro. In both species, only one alternative oxidase protein was observed in root mitochondria, whereas in cotyledon and leaf mitochondria, two proteins were evident. Yet, alternative oxidase activity was similar in these tissues. This suggests that the presence of only one ofthe alternative oxidase proteins (35 kD) is required for activity. In cotyledons, we noticed that the relative intensities of the two bands varies according to the age of the seedling (data not shown), as reported also by Obenland et al. (25) .
Immunoprecipitation of in vitro translation products made using soybean poly(A+) RNA suggested that the alternative oxidase was synthesized as a 43-kD precursor. Although in some experiments smaller sized, additional proteins were also precipitated, these did not correspond in size to any of the mature proteins seen in the isolated mitochondria, and it is likely that only a single alternative oxidase protein is synthesized in soybean (the smaller products being the result of incomplete translations). This has also been found in S. gattatum, in which a 42-kD precursor protein has been observed and a nuclear gene identified (29) . In the yeast Hansenula anomala, a protein thought to be the alternative oxidase is made as a 39-kD precursor (24) . In general, the precursor size of cytosolically synthesized mitochondrial proteins appears to be larger in plants than in yeast. However, it should be noted that our results do not preclude the possibilty that other proteins are associated with the alternative oxidase, which do not react with the Sauromatum antibody.
If a single precursor is made to the various proteins identified by the S. gattatum antibody, then posttranslational modification of the alternative oxidase must occur. This has been suggested for the 35-and 36-kD proteins associated with the alternative oxidase of S. gattatum, which are only observed in the spadix during thermogenesis (13) . If this is the case, then in soybean and siratro such modification appears to be under shoot-specific control, because in mitochondria from roots only a single alternative oxidase band was seen on blots ( Figs. 1 and 2 ).
